consequences for ecosystem processes, much remains unknown about their responses to long-term 4 ecosystem change. We synthesize multiple lines of evidence from a long-term 'natural experiment' to 5 illustrate how ecosystem retrogression (the decline in ecosystem processes due to long-term absence of 6 major disturbance) drives vegetation change, and thus aboveground and belowground carbon (C) 7 sequestration, and communities of consumer biota. 8 2. Our study system involves 30 islands in Swedish boreal forest that form a 5000 year fire-driven 9 retrogressive chronosequence. Here, retrogression leads to lower plant productivity and slower 10 decomposition, and a community shift from plants with traits associated with resource acquisition to 11 those linked with resource conservation. 12 3. We present consistent evidence that aboveground ecosystem C sequestration declines, while 13 belowground and total C storage increases linearly for at least 5000 years following fire absence. This 14 increase is driven primarily by changes in vegetation characteristics, impairment of decomposer 15 organisms and absence of humus combustion. with total ecosystem C storage, suggesting that conserving old growth forests simultaneously 22 maximizes biodiversity and C sequestration. However, we find little observational or experimental 23 3 evidence that plant diversity is a major driver of ecosystem C storage on the islands relative to other 1 biotic and abiotic factors. 2 6. Synthesis. Our study reveals that across contrasting islands differing in exposure to a key extrinsic 3 driver (historical disturbance regime and resulting retrogression), there are coordinated responses of soil 4 fertility, vegetation, consumer communities, and ecosystem C sequestration, which all feed back to one 5 another. It also highlights the value of well replicated natural experiments for tackling questions about 6 aboveground-belowground linkages over temporal and spatial scales that are otherwise unachievable. 7 8
Introduction

13
All terrestrial communities consist of a producer subsystem that regulates ecosystem carbon (C) input, 14 and a decomposer subsystem that regulates C output. While the ecological importance of linkages 15 between the two components has been long recognized (Müller 1884; Handley 1961), the past decade 16 has witnessed a substantial research effort in this area. A rapidly growing number of studies have 17 explored how plant community attributes affect the soil biotic community (e.g., Wardle et al. 1999, 18 Porazinska et al. 2003) , and how the soil biota in turn affects the plant community, leading to feedbacks 19 between the plant and soil subsystems (e.g., De Deyn et al. 2004 ; Kardol et al. 2006) . Several studies 20 have also explored how the diversity of plants and soil biota may be linked, and how these associations 21 drive community diversity both above-and belowground (Porazinska et al. 2003; Scherber et al. 2010) . 22
A key emerging trend is that there is a greater level of specificity between the plant and associated soil 23 communities than has historically been assumed (Wardle et al. 2004a; Bezemer et al. 2010 ; Eisenhauer 24 large islands. As such, both produce well-defended foliage and litter with morphological and chemical 1 characteristics (Gallet & Lebreton 1995; Nilsson & Wardle 2005 ) that reduce biological activity and 2 nitrogen (N) availability (Northup et al. 1995) . Consistent with this, humus on small islands has higher 3 concentrations of polyphenolics than that on large islands (Wardle et al. 1997) (Table 1) . 4 As island size diminishes and time since last fire increases, the islands move along a pathway of 5 increasing ecosystem retrogression, during which availability of major nutrients, notably N and 6 phosphorus (P), decreases (Table 1) . Although total N concentration in the humus increases and total P 7 concentration stays constant, there is a decline in the most plant-available forms of both elements. The 8 concentrations of both mineral N and dissolved organic N (DON) decrease from medium to small 9 islands, as does the ratio of mineral N to DON (Wardle & Zackrisson 2005) . Further, decomposition 10 rates of plant litter and the release rate of N from decomposing standardized litter is least on the 11 smallest islands (Wardle et al. 1997 (Wardle et al. , 2003a ). The chemical composition of the soil P pool is 12 increasingly recognized as of ecological importance (Turner et al. 2008) ; in this system NaOH-13 extractable P (which is recalcitrant) increases with decreasing island size, while membrane-extractable 14 P (which has high biological availability) decreases (Lagerström et al. 2009 ). The lower availability of 15 N and P on the small islands is linked to reduced activity and biomass of the microbes that break down 16 plant litter, as well as the quality of litter entering the soil, as we discuss later. Further, the higher 17 concentrations of polyphenolics in the humus of the smaller islands that occur with increasing 18 dominance of E. hermaphroditum and P. abies is likely to lead to greater binding of N and The decline in nutrient availability is reflected in vegetation characteristics. For instance, leaf 22 traits of B. pubescens, a dominant tree species that occurs across the entire island gradient, changes in 23 ways consistent with reduced nutrient availability as island size declines, including declining foliar N 24 concentration, specific leaf area, and both gross and net photosynthesis (Fig. 1 ). There is also evidence 25 of greater allocation by B. pubescens to secondary defence compounds such as polyphenolics with 1 decreasing island size; some compounds such as gallic acid and ellagic acid show especially large 2 increases (Crutsinger et al. 2008) . Further, there is greater investment by leaves into structural material 3 such as foliar fibre and cellulose, resulting in greater leaf toughness and dry matter content (Fig. 1) . 4 Therefore, the decline in soil nutrient availability that occurs with ecosystem retrogression resulting 5 from long-term fire absence not only causes changes in plant species composition, but also induces 6 within-species shifts towards greater resource conservation rather than resource acquisition. This is 7 consistent with what has been observed for some species during ecosystem retrogression in temperate 8 and subtropical regions (Cordell et al. 2001; Richardson et al. 2005) . 9
The build-up of N stocks in the humus layer and increase in the humus N:P ratio as retrogression 10 proceeds is, in part, due to significant N inputs from biological N fixation. A major biological input of 11 N to boreal forests in northern Sweden is N fixation by cyanobacteria that live within the leaves of 12 feather mosses (De Luca et al. 2002) . Studies on the island system have revealed that the rate of 13 biological N fixation associated with the mosses P. schreberi and H. splendens is much larger on the 14 small islands (mean ± SE fixation rate 2.02 ± 0.38 kg N ha -1 yr -1 ) than on the medium and small islands 15 (0.82 ± 0.14 and 0.52 ± 0.14 kg N ha -1 yr -1 respectively) (Lagerström et al. 2007 ). In comparison, the N 16 input from atmospheric deposition is less than 2 kg N ha -1 yr -1 . Greater N fixation on the small islands 17 may be due to greater soil moisture resulting from deeper humus, less mineral N present (given that shown that shrubs and tree roots have positive effects on N fixation by mosses on small but not large 21 islands (Gundale et al. 2010 ). However, it appears that this biological N input to the small islands is not 22 readily available to other plants, given their lower available soil and foliar N. It is possible that the fixed 23 N is instead locked up by recalcitrant humus generated from decomposing bryophyte material, or by 24 polyphenols in the soil, and contributes to the net accumulation of ecosystem N stocks as retrogression9 proceeds which in the absence of fire has occurred at an average rate of 1.8 kg ha -1 yr -1 over the past 1 5000 years (Lagerström et al. 2007) . 2 3 Carbon storage and fluxes 4 5 The declining nutrient supply that occurs retrogression proceeds reduces net primary productivity (NPP) 6 of both trees and dwarf shrubs, and thus C input to the ecosystem (Fig. 2) . There are also shifts in the 7 relative contributions from different floristic components to NPP and C input. At the plant functional 8 group level, while most standing biomass is of trees, a substantial proportion of NPP is derived from 9 understorey dwarf-shrubs and mosses (Fig. 3) , which is a consequence of understorey plant biomass 10 having a much more rapid turnover than tree biomass (Nilsson & Wardle 2005 ). Further, the 11 contribution of trees to total NPP declines significantly as island size decreases while that of mosses 12 increases; hence for the small islands, NPP of the understorey vegetation exceeds that of the trees (Fig.  13 3). Within functional groups, there are also shifts with island size in the relative contribution of different 14 species to NPP in both the tree and dwarf shrub layers as described above. Diminishing inputs of 15 organic matter from NPP with declining island size, and changes in the composition of these inputs, 16 both between and within functional groups, have important implications for the decomposer subsystem 17 and therefore for fluxes of C below ground. 18 Concomitant with the decline in NPP and thus C input with decreasing island size is a decline in 19 C release through soil respiration (on a per soil mass basis) and plant litter decomposition rates (Fig. 2) . 20
A litter reciprocal transplant experiment, in which vascular plant litters collected from each of the three 21 size classes were each decomposed on islands of all size classes, was used to show that at least three 22 factors can explain the slower rates of litter decomposition on the small islands (Wardle et al. 2003a) . 23
First, litter from plant species that are most abundant on small islands (P. abies and E. hermaphroditum) 24 decomposes more slowly than that from species which dominate on larger islands, regardless of which 1 islands they are sourced from or placed on. Second, several of the species produce more slowly 2 decomposing litter when present on smaller islands. Third, any given litter decomposes more slowly on 3 small islands because those islands support inherently lower decomposer activity. Other factors may 4 also contribute to slower rates of litter breakdown and C release on small islands. One is that as island 5 size decreases, twigs make up a greater proportion of total litter input; twig litter decomposes much 6 more slowly than leaf litter (Dearden et al. 2006) . Another is that the contribution of feather mosses (H. 7 splendens and P. schreberi) to total NPP increases with decreasing island size (Fig. 3) ; moss litter 8 decomposes more slowly than that of vascular plants (Wardle et al. 2003b; Lang et al. 2009 ). However, 9 this negative effect of mosses on ecosystem-level decomposition rates may be partially offset by the 10 capacity of the moss layer to promote decomposition of vascular plant litters by improving moisture 11 retention during the summer (Jackson et al. 2011). 12
The decline in NPP with decreasing island size leads to less C storage aboveground, while the 13 corresponding decline in decomposition and soil respiration per soil mass leads to greater C storage 14 belowground (Fig. 2) . As decomposition is reduced before NPP during retrogression (Wardle et al. 15 2003) , the net result is that total C storage increases with decreasing island size. This rate of C 16 accumulation in the absence of fire is constant regardless of island size, so that during at least 5000 17 years in the absence of fire, total ecosystem C storage increases linearly at the rate of 0.45 kg m -2 every 18 century. The fact that all island size classes accumulate C at the same rate irrespective of time since fire 19 is also supported by the finding that net ecosystem exchange (NEE) measurements of the understorey 20 (which contributes to around half of the total ecosystem C input) are unrelated to island size (Fig. 2) . 21
While gross photosynthesis of this layer is almost significantly greater on medium relative to small and 22 large islands, this trend is largely offset by greater gross respiration, resulting in NEE being relatively 23 constant across the gradient (Fig. 2) . The NEE measures also point to the understorey as a weak net 24 source of C for all island size classes, but this is specific only to the time of measurement. These resultsin combination highlight that in the long-term absence of fire, total ecosystem C sequestration rate is 1 constant for at least several thousand years. 2
The use of structural equation modeling on the above-and belowground C storage data from the 3 islands gives further insights into the drivers of C storage in this system (Jonsson & Wardle 2010) (Fig.  4 4). The decline in aboveground C storage during retrogression is driven primarily by shifts in plant 5 community composition (represented by primary ordination axis of the plant community from Principal 6
Component Analysis), from faster growing acquisitive species such as P. sylvestris and V. myrtillus to 7 slower-growing conservative (and better defended) species such as P. abies and E. hermaphroditum. 8
Meanwhile, the increase in both belowground and total ecosystem C storage is driven both by this shift 9 in community composition and by the absence of humus combustion by fire. There is also a weak effect 10 of plant species diversity on C storage, but this is probably unimportant compared to the overriding 11 effect of community composition and abiotic factors (see below). In total, our data support the view that Studies on the island system have explored changes in biomass or density of several consumer groups 2 spanning at least three trophic levels, including soil microbes, above-and belowground invertebrates 3 and insectivorous birds (Fig. 5 ). Of these, only primary and secondary consumers in the decomposer 4 food web (i.e. microbes and microbe-feeding nematodes respectively) decline in response to declining 5 resource quality and quantity during retrogression. For the microbes, there is also an increase in the 6 abundance of fungi relative to bacteria with declining island size ( In contrast, densities of several aboveground invertebrate groups and insectivorous birds 11 increased as island size decreased despite declining NPP and resource quality (Fig. 5) . For the most 12 abundant foliar herbivore in the system, the weevil Depaurus betulae that specializes on B. pubescens 13 leaves, greater density on small islands is linked to a preference for leaves containing high levels of 14 secondary metabolites ( consumer groups as a result of a greater contribution of productivity from the surrounding water.1 organisms, including plants, soil biota, and aboveground consumers (Tables 2, 3 ). For plants, there is a 2 significant increase during retrogression of both vascular plant species richness and the Shannon-3
Weiner diversity index (hereafter diversity index) (Wardle et al. 2008a ), but no corresponding shifts in 4 these measures for mosses ( Table 2 ). The island system enables exploration of why vascular plant 5 richness and diversity increases with decreasing soil fertility and productivity. It has been proposed that 6 as soil fertility declines, diversity is promoted by greater spatial heterogeneity of limiting resources 7 (Tilman 1982; Tilman & Pacala 1993) . However, spatial heterogeneity of soil resource availability, as 8 determined through measurements of each of five properties (NH 4 + , amino acid N, PO 4 3-, litter 9 decomposition and microbial biomass) across a spatial grid of 49 points on each island, was greater on 10 larger islands with the lowest diversity (Gundale et al. 2011) . This means that changes in vascular plant 11 diversity across the gradient cannot be explained by changes in resource heterogeneity. An alternative 12 explanation is that species with the highest growth rates that dominate on the most productive islands 13 (P. sylvestris and V. myrtillus) exclude weaker competitors when resource availability is high ( Grime 14 1979; Grace 1999), leading to lower diversity on large islands. Consistent with this, experimental 15 studies have shown that on large islands, understorey shrubs are more competitive against each other 16 (Wardle & Zackrisson 2005) , and against colonization by other species (Wardle et al. 2008b ). This 17 suggests that declining productivity and competition intensity as island size decreases allows a greater 18 number of vascular plant species to coexist. Conversely, neither bryophyte productivity nor biomass 19
show a simple decline with decreasing island size, reducing the potential for competitive exclusion to 20 vary across the gradient, and resulting in no net shift in bryophyte diversity. 21
We considered community properties of two key groups of belowground consumers that are 22 each key components of the decomposer subsystem -microbes and nematodes (Tables 2, 3 ). Microbial 23 community measures were determined from data for both microbial phospholipid fatty acids (PLFAs; 24 different acids correspond to different subsets of the microbial community) and substrate utilizationprofiles (SUPs; functional community structure is assessed by the relative response of the soil 1 community to different added substrates (Schipper et al. 2001) . Soil nematode community analyses 2 were performed using identifications at genus or family level (Jonsson et al. 2009 ). We found that 3 community composition of only PLFAs was related to island size (mainly due to a greater fungal to 4 bacterial ratio on small islands), and that richness and diversity index values were not responsive to 5 island size for any group (Tables 2, 3 ). Further, across the islands, only the diversity index values of 6
PLFAs were related to vascular plant diversity, and only nematode community composition was related 7 to vascular plant composition (Table 4 ). This does not provide strong support for suggestions that plant contrast to many studies exploring diversity linkages between plants and soil biota, the island system 13 involves a naturally assembled gradient of plant diversity, composition and resource availability, and 14 one which is dominated by longer lived woody rather than herbaceous plant species. We show that in 15 this natural setting, the link between the plant community and soil community is weak, and that 16 decomposer community properties can remain reasonably invariant across large gradients of soil 17 resource availability, vegetation composition and plant diversity. 18 We have also determined community level measures for each of three aboveground consumer 19 groups -spiders, beetles and insectivorous birds (Tables 2, 3 ). Species richness of both spiders and 20 beetles was greatest on small islands and was related to plant species richness across islands (Table 4) . 21
(which is greater on small islands) than by island size per se (Jonsson et al. 2009 ). This is consistent 23 with experimental studies pointing to plant species richness as a driver of invertebrate species richness 24 (Siemann et al. 1988; Scherber et al. 2010) . In contrast, neither diversity nor composition of eitherinvertebrate group was related to the corresponding measure for the plant community (Table 4) . For 1 birds, our measures of diversity are not directly comparable to those of the other groups since they were 2 performed at the whole island scale rather than on plots or samples that were independent of island size. contrast, bird species richness and diversity indices had no relationship with plant richness or diversity 7 indices when the effects of island size per se were corrected for (Table 2 ). However, bird species 8 composition was significantly correlated with plant community composition ( Table 3 ), suggesting that 9 island size effects on the plant community in turn drive the bird community, presumably through 10 different plant species offering distinct niches (Urban & Smith 1989) . In total, our data suggest that 11 plant species diversity and composition can sometimes exert positive effects on comparable measures of 12 consumer groups, but that these effects are not recurrent or consistent among different groups (Table 4) . characteristics of each of several contrasting groups of biota, our data set allows explicit testing of thisidea across spatially discrete ecosystems. We found that aboveground C storage was negatively 1 correlated with plant species richness and diversity, and with bird diversity, but was unrelated to 2 diversity of any other group (Table 5) . However, belowground C storage was positively correlated with 3 species richness of plants and all aboveground consumer groups; total ecosystem C storage was also 4 positively correlated with richness of all but one of these groups (Table 5 ). This emerges because 5 diminishing soil fertility during retrogression simultaneously promotes plant species richness (with 6 knock-on effects for the richness of other aboveground groups), and causes C accumulation to occur at 7 a constant rate due to reduced decomposer activity. Our results also show that in the boreal forest at 8 least, both ecosystem C storage and biodiversity of plants and aboveground consumers can be 9 simultaneously maximized by the maintenance and conservation of old-growth forests, while 10 decomposer biodiversity remains unaffected. Further, it suggests that C storage and biodiversity would 11 both be disadvantaged by large disturbances, including those associated with intensive forestry. 12
There has also been much recent interest in whether plant biodiversity impacts ecosystem other factors that cause biomass to decline across the gradient. In contrast, plant species richness and 23 diversity indices are both positively correlated with both belowground and total ecosystem C storagerichness, rather than because species richness is itself directly driving C storage. As such, structural 1 equation modeling (Jonsson & Wardle 2010) reveals that while plant diversity does have some direct 2 effect on both belowground and total C storage, its effect is weak and probably unimportant relative to 3 the much stronger effects of plant species composition and abiotic disturbances (Fig. 4) . Instead, our 4 results suggest that plant species composition, and the shift of the spectrum of plant species traits from 5 those associated with resource acquisition to those linked to resource conservation, is the primary 6 means through which plant communities drive C sequestration. 7
Experimental studies at the within-island scale also fail to provide strong evidence that plant 8 species richness is a major driver of C storage. On each of 30 islands, a plant removal experiment was 9 established in 1996 which is still ongoing, that includes manipulations at both the functional group and 10 species levels. This includes plots on each island with each of the three main dwarf shrub species significantly greater in the three species treatment than in any of the two species treatments or the best 14 performing monoculture (Fig. 6) . However, there were differences between monocultures for all island 15 size classes, and between two species treatments for medium and large islands. These results suggest 16 that any effects of increasing species richness on aboveground C storage saturates at two species, and 17 that compositional effects (i.e. identities of species within any richness level) are more important than 18 those of richness. They also show that these compositional effects are context-dependent and vary 19 across island size classes, being stronger on medium and large islands ( evidence that while species diversity is not a major driver of ecosystem C gain or loss, speciescomposition can have effects which become most important on medium and large islands. These effects 1 result from particular species (notably Vaccinium spp.) on large islands both promoting aboveground C 2 gain and belowground C loss, which matches the patterns of C storage on larger islands. 3 4 Conclusions and a way forward 5 6 The study of retrogressive chronosequences has significantly enhanced our understanding of the 7 mechanisms through which soil fertility drives ecosystem processes in subtropical, temperate and boreal 8 regions, and in both grassland and forest (Vitousek 2004; Wardle et al. 2004; Peltzer et al. 2010 ). The 9 work we described on this island system reveals how above-and belowground community and 10 ecosystem properties are linked across a strong environmental gradient driven by ecosystem 11 retrogression and declining soil fertility. It highlights that as vegetation changes across the gradient 12 from resource-acquisitive to resource conservative plant species, there are important shifts in both the 13 above-and belowground drivers of the terrestrial C cycle, and in community characteristics across 14 multiple trophic levels, especially aboveground. It also shows that ecosystem C gains and losses (and 15 thus net ecosystem C sequestration), and biodiversity of plants and some groups of consumer 16 organisms, shift in tandem across the gradient, but that there is little evidence of any direct causative 17 relationship between biodiversity and C storage. (Fig. 4) , and manipulative 15 experiments nested within natural experiments (Fig. 6) . 16 Our work also suggests other issues that may merit further investigation in other systems. little attention has been given to longer term feedbacks involving the decomposer biota. We provide 23 evidence that plants growing on nutrient-poor islands impair decomposer biota (e.g. through producingfeeding back to plant growth. Such mechanisms could be of widespread importance. Third, our data 1 show that long-term fire history may have substantial impacts on ecosystem C dynamics. While most 2 work has focused on the short term effects of fire on the C cycle, understanding these longer-term 3 effects is essential for predicting how human-induced changes in natural fire cycles (e.g. by fire 4 suppression or climate change) may alter this feedback of C between land and the atmosphere, and 5 ultimately the Earth climate system. Fourth, despite much interest in whether the same factors promote 6 both biodiversity and C storage in real ecosystems, and in whether ecosystem management can 7 between real ecosystems that simultaneously consider both C sequestration and biodiversity across 10 multiple trophic levels. Ultimately, a greater emphasis by the research community on utilizing natural 11 experiments will advance our understanding of these and other questions relating to the above-and 12 belowground subsystems, over ecologically meaningful spatial and temporal scales, and in a manner 13 that often cannot otherwise be achieved. 
